Tumor lymphangiogenesis has been previously documented to predict regional lymph node metastasis and promote the spread to distant organs. However, the underlying mechanism initiating tumor lymphangiogenesis remains unclear. Here we described a novel role of tumor cell-derived Lysyl Oxidase-like protein 2 (LOXL2) in promoting lymphangiogenesis and lymph node metastasis in breast cancer. Immunohistochemistry (IHC) analysis of samples from breast cancer patients showed that the expression of LOXL2 was positively correlated with lymphatic vessel density and breast cancer malignancy. In animal studies, LOXL2-overexpressing breast cancer cells significantly increased lymphangiogenesis and lymph node metastasis, whereas knockdown of LOXL2 suppressed both processes. In order to study the mechanisms of lymphangiogenesis progression, we performed further in vitro investigations and the data revealed that LOXL2 significantly enhanced lymphatic endothelial cells (LECs) invasion and tube formation through directly activation of the Akt-Snail and Erk pathways. Moreover, LOXL2 also stimulated fibroblasts to secrete high level of pro-lymphangiogenic factors VEGF-C and SDF-1α. Taken together, our study elucidates a novel function of tumor cell secreted LOXL2 in lymphangiogenesis and lymph node metastasis, demonstrating that LOXL2 serves as a promising target for anti-lymphangiogenesis and antimetastasis therapies for breast cancer.
Introduction
Metastasis accounts for more than 90% of cancer patients' mortality [1] . Although there are multiple mechanisms governing tumor metastasis, the main pathways for tumor cells gaining accesses to circulation are through the blood and lymphatic vessels [2] . Unlike blood vessels, lymphatic vessels are constructed by a single layer of endothelial cells, lacking basement membrane, pericytes or smooth muscle cells, which makes them easier for tumor cells intravasation [3] . Evidenced by numerous preclinical researches and clinicopathological studies, most epithelial cancers, especially breast cancers, preferentially use lymphatic vessels as the initial route for metastasis to adjacent lymph nodes [4] . Recent studies have demonstrated that tumor lymphangiogenesis is correlated with the incidence of primary tumor metastasis to the sentinel lymph node, and thereby facilitates metastasis to distant organs [5] . Therefore, inhibition of tumor lymphangiogenesis has been considered as a promising therapy for blocking tumor metastasis [6] .
Lymphangiogenesis, the generation of new vessels from preexisting lymphatic vessels, involves the proliferation, migration, and sprouting of lymphatic endothelial cells (LECs) [7] . The best-known prolymphangiogenic factors are vascular endothelial growth factor-C and -D (VEGF-C and VEGF-D), which can bind to vascular endothelial growth factor receptor 3 (VEGFR3) on the LECs surface, and significantly enhance lymphangiogenic activities of LECs [8, 9] . Overexpression of VEGF-C in transgenic mice is accompanied by specific hyperplasia of the lymphatic network [10] . In addition, other factors have also been found to facilitate lymphangiogenesis, such as VEGF-A [11] and stromal cell derived factor-1 (SDF-1α) [12] . Nevertheless, the molecular mechanisms of tumor lymphangiogenesis remain largely elusive and merit further investigations.
Lysyl oxidase-like protein 2 (LOXL2) belongs to the lysyl oxidase (LOX) family, which is composed of five members (LOX and four related enzymes, LOXL1-4) [13] . All the members in this family can be secreted to the extracellular milieu, where they catalyze the covalent cross-linking of collagen and elastin, and contribute to the extracellular matrix synthesis and stabilization [14] . Many studies showed that LOXL2 expression is upregulated in invasive cancer cells in vitro and associated with poor overall survival in breast cancer, gastric cancer, skin cancer, and colon carcinoma [15] [16] [17] [18] [19] . LOXL2 promotes tumor invasion and metastasis through multiple ways, including epithelial-mesenchymal transitions [19] [20] [21] , regulating cellular polarity [22] , and establishing premetastatic niches by inducing the deposition of collagen and accelerating recruitment of bone marrow derived cells [23] . Neufeld and his colleagues reported that overexpression of LOXL2 in MCF-7 breast cancer cells induces a shift from non-invasive to invasive phenotype, accompanied by extensive deposition of collagen fibers in tumors [15] . Barkan and colleagues demonstrated that LOXL2 endows dormant tumor cells with a stem-like phenotype and mediates their transition to proliferative state [24] .
Since both LOXL2 and lymphangiogenesis are crucial players in the dissemination of cancer cells and associated with a poor prognosis, we are prompted to investigate whether LOXL2 could contribute to the sophisticated coordination of lymphangiogenesis. In this study, we demonstrated the roles of LOXL2 as a novel pro-lymphangiogenic regulator in breast cancer and revealed that the expression of LOXL2 was positively correlated with lymphatic vessel density and lymph node metastasis. Our work provides new insights into the development of novel drugs targeting LOXL2.
Methods

Breast Cancer Tissue Microarray
Breast cancer tissue microarray (BR1006a) was purchased from Alenabio (Xi'an, China), which contains 50 clinical patient specimens including cancer adjacent normal breast tissues, benign breast tumor tissues, malignant breast cancer tissues.
Breast cancer tissue microarray (BR2161) contains 216 clinical female specimens including normal breast tissues, cancer adjacent normal breast tissues and malignant tissues with different staging. This microarray was purchased from Alenabio (Xi'an, China).
Briefly, tissue sections were immunostained with anti-human LYVE-1 and LOXL2 antibodies. The levels of LYVE-1 and LOXL2 on each specimen were scored as 0, 1, 2, 3 (0 = negative, 1 = low, 2 = moderate and 3 = high) according to their staining intensities.
Cell Culture, Lentivirus Infection
Primary mouse lymphatic endothelial cells (mLECs) were isolated and cultured as previously described [12, 25] . Human dermal lymphatic endothelial cells (hLECs) purchased from ScienCell Research Laboratories were cultured according to the manufacturer's instructions. MDA-MB-231 breast cancer cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA), and maintained in RPMI1640 media supplemented with 10% fetal bovine serum (Gibco BRL, Grand Island, NY, USA). MCF-7 breast cancer cell lines, MRC-5 human fibroblast cell lines and 3 T3 mouse fibroblast cell lines were purchased from the Cell Resource Centre, China Infrastructure of Cell Line Resources, and were cultured according to their guidelines. All cells were maintained in a 37°C humidified incubator containing 5% CO 2 . MCF-7 cells were infected with recombinant lentiviruses carrying human LOXL2 cDNA (LV-LOXL2), or their negative controls LV-Vector (GenePharma, Shanghai, China) and MDA-MD-231 cells were infected with small hairpin RNA targeting LOXL2 (MDA231-shLOXL2), their negative controls were shControl (GenePharma, Shanghai, China). MCF7-LOXL2, MCF7-LV, MDA231-shLOXL2 and MDA231-LV cell lines were tested and authenticated by Western blotting and quantitative real-time PCR (qRT-PCR) for stably expressing exogenous LOXL2 or silencing endogenous LOXL2.
Reagents and Antibodies
VEGF-C (ab97415) was purchased from Abcam (Cambridge, MA, USA), Matrigel (354230) and Rat tail collagen I (354236) was purchased from BD Biosciences (San Jose, CA). Inhibitor LY294002 (9901S), U0126 (9903S) were purchased from CST (Beverley, MA, United States). PP1 (S7060) and SAR131675 were from Selleck Chemicals (Houston, TX, USA). Ni-NTA Agarose was purchased from QIAGEN (Hilden, Germany). LOXL2 was expressed and purified from MCF7-LOXL2-His cells conditioned medium as previously described [26, 27] . Details of identification of LOXL2 protein was provided in Figure S1A -C.
Antibodies against LOXL2 (sc-48,724) and Hsp90 (sc-27,987) were from Santa Cruz Biotechnology (Santa Cruz, CA, United States). Antibodies against Erk1/2 (4695), p-Erk1/2 (4377), Akt (9272), p-Akt (4060), Src (2123), p-Src (6943), VEGFR3 (3408), α-SMA (19245) and HIF-1α (14179) were from Cell Signaling Technology. LYVE-1 (ab14917), Podoplanin (ab109059), LOXL2 (ab96233), Snail (ab53519), His-tag (ab5000) and β-actin (ab8227) antibodies were from Abcam (Cambridge, UK). FITC-linked antimouse (ZF-0312), FITC-linked anti-rabbit (ZDR-5209), TRITClinked anti-mouse (ZF-0313) and IgG (ZDR-5006) antibodies were from Beijing ZSGB-BIO (Beijing, China).
Small Interfering RNA (siRNA) Transfection siRNAs targeting HIF-1α, Snail and negative control scramble siRNAs were purchased from GenePharma and the sequence was described in Supplementary material, Table S1 . According to the manufacturer's procedure, LECs transfected with siRNAs were performed with Lipofectamine 3000 (L3000001, Invitrogen, Carlsbad, CA, USA). Knockdown efficiencies were identified by qPCR and immunoblotting 24 h after transfection.
Protein and RNA analysis
Western blotting was conducted to analyze the protein levels. Cell samples were harvested, denatured and separated by SDS-PAGE gel and transferred to a PVDF membrane. After blocking in milk-based buffer, the membrane was incubated with indicated primary antibodies at 4°C overnight, washed three times with TBST, and subsequently incubated with corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies (Abcam) for 1 h at room temperature. Finally, proteins on the membrane were detected with eluminous reaction (Santa Cruz Western blotting luminol reagents) following the manufacturer's protocol.
Total RNA was extracted with TRIzol reagent (Invitrogen), and cDNA was synthesized using the First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA US). Quantitative PCR (qPCR) was adopted to assess the mRNA levels with TransStart Green qPCR SuperMix (TransGen Biotech, Beijing, China). The reaction was run on the Mx3000P system (Stratagene, La Jolla, CA, United States). Results were normalized to β-actin with the 2 -ΔΔCt method and relative to control samples.
ELISA Assay
Levels of SDF-1α and VEGF-C were assessed respectively with commercially available ELISA kits (Dakewe Bio-engineering Co., LTD, China) according to the manufacturer's instructions.
Cell Invasion Assay
Cell invasion capacities in vitro were assessed with Matrigel (BD) coated transwell inserts. Briefly, 5 × 10 4 LECs were seeded in the upper chamber of 8 μm Millicell coated with Matrigel. Proteins including LOXL2, VEGF-C, LOXL2 antibody or IgG were added to the medium containing concentrated breast cancer cells conditioned medium (CM) or 1% FBS in the lower chamber to induce cell invasion for the appropriate time. Migrated cells were counted randomly in 8 independent fields at 40 × magnification under an Olympus IX71 optical microscope. The relative invasion activity was measured by normalizing the mean of migrated cells/per field in the testing groups to that in the control groups.
Tube Formation Assay
The tubule formation assay was performed as previously described [28] . Briefly, the pre-thawed Matrigel formed a solid structure in the bottom of a 48-well plate. LECs pretreated with or without CM or LOXL2 were seeded to the plate. After incubation for 4 h, the plate was observed for the tubular structure. Five independent fields per well were captured under an Olympus IX71 optical microscope. Quantification was conducted with the Image-Pro Plus 6.0 software (Media Cybernetics). The relative total tube length of the LECs was defined by normalizing the mean of the total tube length/per field of the testing groups to that of the control groups.
Matrigel Plug Assay
All animal studies were approved by the Institutional Animal Care and Use Committee of Tsinghua University (F16-00228; A5061-01). Lymphatic vessel formation in vivo was evaluated by the Matrigel plug assay conducted as previously described [12] . In brief, Matrigel containing PBS, CM, LOXL2 (50 nM), VEGF-C (500 ng/ml), or antibodies (100 μg/ml) was subcutaneously inoculated into BALB/c mice (6 mice per group). After 8 days, plugs were dissected and applied to immunofluorescent analysis. Evaluation of the lymphatic vessel density was assessed in 6 independent fields imaged by the Nikon A1 laser scanning confocal microscope using Nikon image software (NIS-Elements AR 3.0).
Immunofluorescence and Immunohistochemistry Assay
For immunofluorescence staining, frozen sections of Matrigel plugs, xenograft tumors and lymph nodes were fixed with cold acetone. Then these samples were blocked with 10% goat serum and stained with primary antibodies overnight at 4°C followed by the appropriate secondary fluorescently labeled antibodies. Nuclei were counterstained with DAPI (Thermo Fisher Scientific). Images were photographed and analyzed with the Nikon A1 Confocal Microscope.
Immunohistochemistry assay was conducted as described previously [29] . To detect the expression levels of LYVE-1 and LOXL2 on formalin-fixed, paraffin-embedded human breast tissue specimens were stained with primary antibodies (1:100) overnight at 4°C. After washed with PBS, these sections were incubated with HRPconjugated secondary antibody. DAB substrate (ST033, Beyotime, China) was used to perform the chromogenic reaction. The levels of LYVE-1 and LOXL2 on each specimen were scored as 0, 1, 2 and 3 according to the staining intensities.
Orthotopic Breast Cancer Model
All animal studies, conducted as previously described [12, 30, 31] . In brief, Female 4-to 6-week-old nude mice were injected with 10 6 MCF7-LOXL2 and MCF7-LV cells (1:1 in Matrigel; BD Biosciences) into their left lower abdominal mammary fat pads. The mice were divided randomly into 4 groups (6 mice per group). MCF7-LV control group was injected with PBS via the tail vein twice weekly for 3 weeks. MCF7-LOXL2 groups were injected with PBS, LOXL2 antibody (0.5 mg/kg) or IgG via the tail vein twice weekly for 3 weeks. 5 × 10 6 MDA231-shLOXL2 and MDA231-LV tumor cells (1:1 in Matrigel; BD Biosciences) were inoculated into the left lower abdominal mammary fat pad of nude mice (female, 4-6 weeks). The mice were divided randomly into 4 groups (6 mice per group). MDA231-LV control group was injected with PBS via the tail vein twice weekly for 3 weeks. MDA231-shLOXL2 groups were injected with PBS, LOXL2 (0.25 mg/kg) or BSA via the tail vein twice weekly for 3 weeks. Once tumor was formed, subsequent tumor growth curve was monitored. The tumor volume (mm 3 ) was calculated by the formula 1/2 × (length) × (width) 2 . After animal sacrifice, the tumors and lymph nodes were isolated, weighted and examined by IF staining. Area of lymphatic vessels in tumor tissues and GFP-positive signals in lymph nodes were assessed in at least 6 independent fields in different sections using Nikon image software (NIS-Elements AR 3.0).
Isolation and Culture of Fibroblasts
We established fibroblast cell lines from breast tumor tissues resected from orthotopic breast cancer mice. The technical procedure was similar to previous reports [32] [33] [34] . Briefly, we resected breast tumors from mice mammary fat pads, and used tumor dissociation kit (130-096-730, Miltenyi Biotec, Germany) to obtain cells. Then the cells were cultivated in DMEM containing 20% FBS at 37°C overnight. Tumor cells were marked by GFP, negative-GFP cells were screened by flow cytometry and then incubated. To confirm that the cultivated cells were fibroblasts, the cells were immunostained for The data are the means ± SD of three independent experiments.*P b .05; **P b .01; ***P b .001.
vimentin and desmin. All the cells were positive for fibroblast makers ( Figure S1D ) and their third through sixth passage were used in experiments.
Statistical Analysis
All the values were expressed as mean ± standard deviations (SDs). Comparisons were conducted using two-tailed Student's t tests or χ 2 test and P values b.05 were considered statistically significant.
Results
Elevated Expression of LOXL2 is Associated with Lymphangiogenesis in Malignant Breast Cancer Tissues
To investigate the clinical relevance of LOXL2 and lymphangiogenesis in human breast cancer patients, we directly detected LOXL2 and lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1, a LEC maker) expression levels in patients by immunohistochemistry (IHC) analysis of a breast tissue microarray (Table S2 ). The levels of LOXL2 and LYVE-1 in each specimen were divided into four categories according to the staining intensities. The IHC results showed that the positive staining rates of LOXL2 and LYVE-1 in malignant breast cancer tissues were 75% (24/32) and 72% (23/32), respectively. However, the staining intensities of LOXL2 and LYVE-1 in normal tissues and benign breast tumors were negative (P = .0009, Figure 1A ; P = .0027, Figure 1B) . These results suggested that both LOXL2 and lymphangiogenesis be crucial in malignant breast cancer. In addition, the correlation analysis demonstrated that LOXL2 expression was positively correlated with LYVE-1 level in breast cancer tissues (P = .0016, Figure 1C ).
To further confirm these observations, we detected the levels of LOXL2 and LYVE-1 using another breast cancer tissue microarray (216 specimens with clinical records, Table S3), and found that LOXL2 expression was positively correlated with LYVE-1 level in malignant breast tissues (P b .0001, Figure 1D ). Additionally, LOXL2 and LYVE-1 were positively correlated with tumor malignancy and lymph node metastasis ( Figure S2,  A-D) . Furthermore, correlation analysis with the online TCGA datasets demonstrated a positive correlation between LOXL2 and LYVE-1 at mRNA level in malignant breast cancer samples (Figure 1, E and F) .
To ascertain the role of LOXL2 in tumor lymphangiogenesis, we implanted MCF-7 cells with low level of LOXL2 expression and MDA-MB-231 cells with high level of LOXL2 expression ( Figure S2E ) into mice to establish an orthotopic breast cancer model, and detected lymphatic vessel density in tumor tissues by immunofluorescent (IF) staining. As expected, a higher density of lymphatic vessels was observed in MDA-MB-231 tumors compared with MCF-7 tumors. LOXL2 administration increased the lymphatic density in MCF-7 tumors by 4 folds, while blocking LOXL2 with a neutralizing antibody inhibited lymphangiogenesis in MDA-MB-231 tumors (Figure S2, F and G) .
In short, these results clearly demonstrate that LOXL2 expression is necessary for lymphangiogenesis and positively correlated with breast cancer malignancy.
LOXL2 Promotes the Invasion and Tube Formation of LECs
In order to study the mechanisms of LOXL2 in lymphangiogenesis modulation, we assessed LECs proliferation, invasion and tube formation abilities, all of which are essential steps for lymphangiogenesis in vivo [6] . It was shown that exogenous LOXL2 significantly promoted human LECs (hLECs) invasion and tube formation in a dose-dependent manner (Figure 2, A and B) , while undetectable differences were observed in cell proliferation ( Figure S3A) .
Furthermore, to evaluate the effects of tumor cell-derived LOXL2 on lymphangiogenesis, we stably knocked down LOXL2 in highly invasive MDA-MB-231 cells (MDA231-shLOXL2) and overexpressed LOXL2 in non-invasive MCF-7 cells (MCF7-LOXL2), then used their conditioned medium (CM) to treat LECs. The efficiencies of LOXL2 overexpression and knockdown were characterized by qRT-PCR and Western blotting ( Figure S3, B and C) . MCF7-LOXL2 CM increased the invasion and tube-forming activities of hLECs, which were disrupted by administration of LOXL2 antibody (Figures 2, C and D; S3, E and F). Consistently, hLECs treated with MDA231-shLOXL2 CM showed lower invasion and tube formation abilities than the control group (CM from MDA231-LV cells), while addition of LOXL2 protein could rescue the suppressed processes (Figures 2, E and F; S3, E and F). Similar results were also observed in mouse LECs (mLECs) models ( Figure S3, G and H) . These results demonstrate that the tumor-secreted LOXL2 promotes the invasion and tube formation activities of LECs.
To further confirm above results, in vivo Matrigel plug assay was conducted as previously described [12] and the results showed that LOXL2 increased the lymphatic vessel density in a dose-dependent manner ( Figure 2G ). Plugs containing MCF7-LOXL2 CM showed a higher lymphatic vessel density and a better tubule-like structure than those harboring MCF7-LV CM. However, addition of LOXL2 antibody impeded lymphatic vessel formation. On the contrary, compared with plugs containing MDA231-LV CM, those bearing MDA231-shLOXL2 CM had lower lymphatic vessel density, and a broken vessel structure, which were relieved by the administration of LOXL2 protein (Figure 2 , H and I). Taken together, our data reveals that tumor cell-derived LOXL2 enhances lymphangiogenesis both in vitro and in vivo.
LOXL2 Promotes Lymphangiogenic Activity via Activation of the Akt-Snail and Erk Pathways
Previous studies have documented that activations of the Akt and Erk signaling pathways are important for LECs invasion and tube formation [35] . In order to investigate the molecular mechanism underlying LOXL2-dependent alterations in LEC s modulation, we examined the effects of purified LOXL2 and tumor CM on these signaling pathways by Western blotting analysis. As expected, upon LOXL2 stimulation, the phosphorylations of Akt and Erk were increased in LECs. When LOXL2 was blocked by the neutralizing antibody, the phosphorylations of Akt and Erk were significantly decreased ( Figures 3A, S4A) . Similarly, CM derived from LOXL2 knockdown or overexpression cells downand upregulated Akt and Erk phosphorylation respectively ( Figure 3B) . Next, to define whether Akt or Erk was involved in LOXL2-facilitated LECs invasion and tube formation, the inhibitor of PI3k/Akt (LY294002) or Erk (U0126) was used to pretreat LECs. The phosphorylations of Akt and Erk were dramatically attenuated after the treatment (Figure 3C ), accompanied by defects in LOXL2-induced LECs invasion and tube formation (Figure 3, D and E) .
Several studies have reported that the Akt-Snail pathway is activated in response to cell-cell and cell-ECM interactions during endothelial cells and LECs tube formation [36, 37] . Consistently, we also observed that LOXL2 increased the level of Snail in LECs ( Figures 3C; S4 , B and C), which could be decreased by LY294002 treatment ( Figure 3C ). To investigate whether Snail was essential for LOXL2-induced tube formation, we knocked down Snail by siRNAs ( Figures 3F; S4 , D and E) and observed a significantly reduction in LECs tube formation (Figures 3G, S4F ). In summary, these results show that activations of the Akt-Snail and Erk pathways mediate LOXL2-induced lymphangiogenesis in vitro.
LOXL2 Stimulates Lymphangiogenic Activities Through Educating Fibroblasts
Based on the in vivo results (Figure S2, F and G) , LOXL2 protein promoted tumor lymphangiogenesis to a more dramatic extent than Neoplasia Vol. 21, No. 4, 2019 LOXL2 promotes tumor lymphangiogenesis and metastasis Wang et al.
that was observed in vitro. Therefore, we wondered whether other components in the tumor microenvironment assist tumor lymphangiogenesis under the influence of LOXL2. Previous studies have reported that cancer associated fibroblasts (CAFs) augment the malignant progression of cancer [38, 39] , Given the fact that CAFs could be activated by tumor-secreted LOXL2 [31] , we further analyzed whether in vivo lymphangiogenesis promoted by tumorsecreted LOXL2 was mediated by fibroblasts. We firstly co-cultured MRC5 fibroblasts and breast cancer cells, and collected the CM from the educated fibroblasts ( Figure 4A ). Then the collected CM was used to stimulate LECs in various assays. The results showed that CM from fibroblasts educated by MCF7-LOXL2 cells increased the migration activity of LECs. However, addition of LOXL2 antibody in co-cultured system attenuated the migration activity ( Figure 4B ). In consistence, LECs treated with CM from fibroblasts educated by MDA231-shLOXL2 showed weaker migration ability than the corresponding control group. The decreased activity of migration was restored by the treatment of LOXL2 protein in co-cultured system ( Figure 4C ). Similar results were obtained in invasion and tube formation assays in vitro (Figure 4 , D-G; S5, A and B). We also used 3 T3 mouse fibroblasts and mLECs to confirm the effects of educatedfibroblasts on lymphangiogenesis, and observed similar results in migration, invasion and tube formation assays ( Figure S5 , C-E).
To determine whether fibroblasts educated by tumor-derived LOXL2 inducing lymphangiogenesis in vivo, we conducted a Matrigel plug assay. IF staining of LYVE-1 revealed that addition of LOXL2 antibody in co-cultured system decreased the good tubulelike structure induced by CM from fibroblasts educated by MCF7-LOXL2 cells. However, adding LOXL2 in co-cultured system could alleviate the discontinuous lymphatic vessel structure induced by CM from MDA231-shLOXL2 group (Figure 4 , H and I). Collectively, above results demonstrate that tumor-secreted LOXL2 contributes to lymphangiogenesis through educating fibroblasts.
LOXL2 Promotes the Expression and Secretion of ProLymphangiogenic Factors in Fibroblasts Through HIF-1α
An important feature regulating on lymphangiogenesis by educated fibroblasts is the production of multiple pro-lymphangiogenic factors [39] . As such, gene expression and secretion of pro-lymphangiogenic factors of fibroblasts in the co-culture system were evaluated with qRT-PCR and ELISA assays, respectively ( Figure 5A ). As shown in Figure 5B , LOXL2 led to significant increases of SDF-1α and VEGF-C in fibroblasts and supernatants ( Figure 5B; S6, A and B) . Because HIF-1α was reported as the transcription factor to regulate prolymphangiogenic factors production [40] , we speculated that LOXL2 upregulated SDF-1α and VEGF-C expression via HIF-1α. Immunoblot assays showed that HIF-1α expression was elevated in fibroblasts educated by MCF7-LOXL2 tumor cells, and LOXL2 antibody hindered the HIF-1α upregulation. In contrast, fibroblasts educated by MDA231-shLOXL2 tumor cells showed lower HIF-1α expression, which was reversed by the administration of LOXL2 protein ( Figure 5C ). The qRT-PCR data displayed similar results ( Figure S6C ). After knockdown of HIF-1α in fibroblasts by siRNAs ( Figure 5D ), LOXL2 failed to accelerate the expression of SDF-1α and VEGF-C ( Figure 5E ).
Furthermore, we determined whether HIF-1α mediated the promotion effect of LOXL2-educated fibroblasts on lymphangiogenesis in vivo. Consistent with in vitro results, plugs mixed with CM from HIF-1α depleted fibroblasts resulted in a significant reduction in lymphatic vessel density ( Figure 5F ). These results demonstrate that tumor-secreted LOXL2 facilitates lymphangiogenesis by enhancement of HIF-1α-regulated SDF-1α and VEGF-C expression in fibroblasts.
LOXL2 Promotes Breast Cancer Lymphangiogenesis and Lymph Node Metastasis In Vivo
Finally, using a mouse xenograft model, we sought to further test the significance of LOXL2 in breast cancer lymphangiogenesis and metastasis, MCF7-LOXL2 cells, MDA231-shLOXL2 cells and their corresponding controls were implanted into mice mammary fat pads. 8 days after implantation, MCF7-LOXL2 tumor-bearing mice were intravenously injected with LOXL2-neutralizing antibody or IgG antibody, while MDA231-shLOXL2 tumor-bearing mice were injected with LOXL2 protein or BSA twice weekly. Tumor volumes were monitored regularly and tumor weights were measured when the mice were sacrificed. No prominent differences were observed among primary tumor growth and tumor weight ( Figures 6, A and B; S7, A and B) .
To confirm the role of LOXL2 in promotion of lymphangiogenesis and lymph node metastasis, tumors and lymph nodes were dissected. Quantification of LYVE-1 and podoplanin-positive areas in tumor tissues demonstrated that lymphangiogenesis was increased in MCF7-LOXL2 tumors, whereas treatment with LOXL2 antibody abolished this effect. A striking decrease of lymphatic vessel density was observed in MDA231-shLOXL2 tumors compared with MDA231-LV control tumors, which could be reversed by treatment with LOXL2 protein (Figures 6, C and D; S7C) . Strikingly, mice bearing MCF7-LOXL2 tumors developed 6-fold more lymph node metastasis and higher lymph node weight than those bearing MCF7-LV control tumors. Treatment with anti-LOXL2 antibody significantly decreased lymph node metastasis (Figures 6, E and F; S7, D and E). Moreover, mice bearing MDA231-shLOXL2 tumors developed significantly less lymph node metastasis and lower weight than mice bearing control MDA231-LV tumors. LOXL2 treatment recovered the decreased lymph node metastasis (Figures 6, G and H; S7, F and G). The IF analysis indicated that LOXL2 induces breast cancer lymphangiogenesis and lymph node metastasis in vivo.
To further validate the role of fibroblasts in promoting lymphangiogenesis in vivo, α-SMA (CAFs maker) levels in tumor sections were analyzed by IF. Quantification results showed that compared with control group, α-SMA positive area in MCF7-LOXL2 tumors increased by about 3 folds, which was diminished by injecting LOXL2 antibody ( Figure 7A ). LOXL2 treatment resulted in relieving the decline of α-SMA positive regions in MDA231-shLOXL2 tumors ( Figure 7B ). In addition, fibroblasts isolated from tumor tissues were evaluated by qRT-PCR assays, and the results confirmed that LOXL2 enhanced the expression levels of SDF-1α and VEGF-C in fibroblasts from tumor tissues (Figure 7, C and D) .
This in vivo evidence strongly demonstrates that LOXL2 significantly induces breast tumor lymphangiogenesis and lymph node metastasis. 
Discussion
Metastasis is the main cause of cancer mortality and results in 90% of cancer patients' death [1] . Multiple studies demonstrated that lymphangiogenesis is positively correlated with lymphatic metastasis and decreased survival in breast cancer patients [41, 42] . Recently, two articles published in Science revealed that cancer cells from lymph node metastasis can be a source of distant metastases [43, 44] . Consistently, our results confirmed that lymphangiogenesis is positively correlated with the breast cancer malignancy and lymph node metastasis (Figures 1, S2A-D) . Therefore, studies on the mechanisms of lymphangiogenesis are essential for developing new drugs for treatment and improving the prognosis of patients. In the present study, we revealed a novel event that LOXL2 is a vital prolymphangiogenic molecule, which directly affects the function of LECs in vitro and in vivo. In addition, fibroblasts educated by cancer cell-derived LOXL2 promote the migration and tube formation of LECs, which assist lymphangiogenesis in primary tumors (Figure 8) .
Several previous studies demonstrated that the upregulation of LOXL2 is associated with poor prognosis in several cancers, including breast cancer [15] . Accumulating evidence suggests that LOXL2 promotes tumor progression and metastasis through multiple pathways and some LOXL2 small molecule inhibitors have shown potential promise in the treatment of breast cancer [14, 45] . In 2017, professor Cano' group used conditional transgenic mouse models to establish that LOXL2 promoted metastasis of breast cancer independent of its conventional role in extracellular matrix remodeling [46] . Furthermore, many studies showed LOXL2 has been characterized as a pro-angiogenic factor [47] [48] [49] . Nevertheless, the effects of LOXL2 on tumor lymphangiogenesis, an important prognosis predictor in breast cancer patients, have not been reported yet. Herein, LOXL2 knocking-down and overexpressing tumor cells were used to evaluate the effects of tumor cell-derived LOXL2 on lymphangiogenesis. Considering the possible influence of other LOX family members, the expression levels of LOX, LOXL1, LOXL3 and LOXL4 were detected, and only LOXL4 mRNA level was slightly upregulated in MDA-shLOXL2 tumor cells ( Figure S3D) , but the protein level remained unchanged (data not shown). In addition, we demonstrated that tumor-derived LOXL2 could increase the expression level of a well-characterized pro-lymphangiogenic receptor VEGFR3 by upregulating Snail [50] (Figure S4 , B and C), suggesting that LOXL2 can also enhance lymphangiogenesis via increasing the VEGF-C/VEGFR3 signaling. To further evaluate the role of the VEGF-C/VEGFR-3 pathway in LOXL2-induced lymphangiogenesis and metastasis progression, we performed animal experiments to investigate the impact of VEGF-C/VEGFR-3 pathway inhibitor (SAR131675). Quantification of LYVE-1 and GFP-positive areas in tumor tissues and lymph nodes demonstrated that after inhibition of the VEGF-C/VEGFR-3 pathway, partly deceased LOXL2-induced lymphangiogenesis and metastasis ( Figure S4, G and H) . Thus, LOXL2 promoted breast tumor lymphangiogenesis and metastasis is partly dependent on the VEGF-C/VEGFR-3 pathway.
Tumor microenvironment is heterogeneous, in which fibroblasts are the most abundant cellular constituents and are frequently regarded as the prominent modifiers in the malignant progression of cancer [38] . Emerging data has shown that CAFs differ from normal fibroblasts and promote tumor initiation and progression by secreting various growth factors [51] . Consistently, we discovered that the prolymphangiogenic factors SDF-1α and VEGF-C were highly expressed and secreted in fibroblasts educated by tumor-derived LOXL2 in vitro and in vivo (Figures 5B; 7, C and D) . In addition, fibroblasts educated by tumor-secreted LOXL2 expressed more LOXL2, which may drive a feed-forward loop to further enhance cancer lymphangiogenesis ( Figure 5C ). Moreover, Barker et al. reported that tumorderived LOXL2 directly activated fibroblasts in 4 T1 tumor tissues by modulating their signaling pathway [31] . Therefore, we examined the signaling pathways associated with fibroblasts activation, and showed that the Akt, Erk, Src signaling pathways were activated by LOXL2 ( Figure S6D ). Of particular note, the Src signaling pathway was involved in the HIF-1α-mediated SDF-1α and VEGF-C expression ( Figure S6, E and F) . Furthermore, we also demonstrated tumorderived LOXL2 can upregulate CAFs in vitro and in vivo by detecting α-SMA expression ( Figures 5C; 7, A and B) . These results unraveled that fibroblasts activated by tumor-derived LOXL2 are undergoing many changes involving the activation of signaling pathways and increase of pro-lymphangiogenic factors secretion to facilitate lymphangiogenesis. Therefore, exploring the role of fibroblasts activated by tumor-derived LOXL2 on tumor progression, including angiogenesis, lymphangiogenesis and drug resistance will be of considerable interest in the immediate future.
Another interesting discovery in our current study is that we revealed LOXL2 remarkably induced lymphangiogenesis and lymph node metastasis, without affecting tumor growth in an orthotopic breast cancer model ( Figure 6 ). Consistent results were reported by other groups, showing that LOXL2 promoted tumor metastasis, independent of primary tumor growth [30, 52] . However, contradictory findings were observed on functions of LOXL2 in breast cancer growth [15, 22] . This paradox is likely resulted from differences in the number of tumor cells injected in the mammary fat pads and the different experimental settings used among the diverse studies.
Conclusions
In conclusion, our data reveals a hitherto unknown role of LOXL2 on promoting breast cancer lymphangiogenesis and lymph node metastasis, which extends our understanding of the functions of LOXL2 on tumor procession. Secreted LOXL2 increases lymphangiogenesis by directly activating LECs and indirectly modulating fibroblasts to enhance LECs activities. Consequently, LOXL2 represents a diagnostic marker to indicate malignancy of breast cancer, and a promising novel therapeutic target for blocking lymphangiogenesis and lymphatic metastasis.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.neo.2019.03.003. 2) In addition, tumor-derived LOXL2 actives tumor stroma fibroblasts to secrete VEGF-C and SDF-1α through enhancing HIF-1α expression, then these factors assist lymphangiogenesis in primary tumors. ECM: extracellular matrix. The design of this schematic model refers to several articles [42, 50] .
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